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ABSTRACT
Permethrin, ferivalerate, methomyl, acephate and methyl parathion 
were bioassayed on larvae of the soybean looper, Pseudoolusia 
includens (Walker) and the velvetbean caterpillar, Anticarsia 
gemmatalis (Hubner) fed on susceptible (Bragg) versus resistant (PI 
227687) soybean, Glycine max (L.) Merr., cultivars. Soybean loopers 
reared on resistant leaves were significantly more susceptible to 
acephate (2-fold) than when reared on susceptible leaves. Velvetbean 
caterpillars fed resistant leaves were more susceptible to both 
fenvalerate (l.5-fold) and acephate (1.6-fold) than when fed 
susceptible leaves. Differences in toxicity of other insecticides due 
to host plant were not observed.
Midgut homogenates from last instar soybean loopers reared on 
resistant leaves throughout larval life had significantly greater 
glutathione S-transf erase (1.5-fold) and monooxygenase (2-fold) 
activity than those reared on susceptible leaves. Minor metabolic 
differences were observed for NADEH cytochrome c reductase and 
hydrolysis of p-nitrophenyl acetate, alpha-naphthyl acetate and 
acephate.
Soybean loopers fed resistant versus susceptible foliage in short 
term feeding assays had smaller increases in monooxygenase activity 
(1.5-fold) than were observe! in larvae provided leaves throughout 
larval life. No increase in glutathione S-transf erase activity was 
observed. Significant decreases in hydrolysis of aloha naphthyl
acetate and g-nitrophenyl acetate were also observed for larvae fed 
resistant versus susceptible leaves.
Coumestrol, an isoflavonoid associated with resistant leaves, 
amended into artificial diet resulted in weight reductions of soybean 
looper larvae. Soybean loopers fed coumestrol-amended diet were less 
tolerant of ferivalerate (l. 5-fold) and more tolerant to methomyl (2- 
fold). Midgut homogenates of larvae fed coumestrol-amended diet had 
significant increases in glutathione S-transferase activity. These 
results suggest that coumestrol is involved in PI 227687 resistance, 
but also indicates involvement of other factors.
Soybean loopers suspected of permethrin resistance were less 
susceptible to knockdown by permethrin than a laboratory population. 
They also had increased levels of glutathione S-transferase (2.7- 
fold), monooxygenase (1.8-fold), and hydrolase (alpha naphthyl acetate 
(1.5-fold), g-nitrophenyl acetate (1.5-fold), permethrin (1.5-fold)) 
activities than susceptible larvae. The observed resistance is 
therefore due to a combination of knockdown resistance and increased 
metabolic activity.
viii
MzD d u c t i G n
Since the early 1960's, soybeans, Glycine max (L.) Merr., have 
become an increasingly more important agricultural product in the 
Southeastern United States. In Louisiana, for example, 4.7 million 
bushels were harvested from 240,000 acres in 1961 compared with 89 
million bushels which were harvested from 3.2 million acres in 1979 
(Gilman et al. 1980). As production and acreage of soybean has 
increased, however, so have insect control problems due to the vast 
ecosystem which now exists as soybean monoculture. Several insect 
pests are found in soybeans of the Southeastern United States 
including the southern green stirikbug, Nezara viridula (L.), the 
Mexican bean beetle, Epilachna varivestus (Mulsant), the velvetbean 
caterpillar, Anticarsia qemmatalis (Hubner), the bollworm, Heliothis 
zea (Boddie), and the soybean looper, Pseudoplusia includens (Walker) 
(Newsom et al. 1980).
Of the foliage defoliators of soybean, the velvetbean caterpillar 
and the soybean looper are the most destructive, often necessitating 
the use of insecticides. In order to avoid development of insecticide 
resistance, as has occurred in the neighboring cotton ecosystem, the 
development and use of integrated pest management systems for control 
of these and other insect pests of soybean is imperative. The 
combination of several pest management strategies may substantially 
reduce the levels of insecticide control necessary for control of many 
soybean pests. Potential strategies include assessment of economic 
injury levels to predict timing of insecticide treatments, the use of
1
predators and parasites, application of entomopathogens, use of 
insect-resistant varieties, and various elements of cultural control 
such as plant spacing and use of early maturing varieties (Newsom et 
al. 1980). Of the available strategies for soybean pest management, 
the use of host plant resistant varieties will likely provide the 
greatest overall stability while having a high degree of compatibility 
with other control tactics. It is therefore considered to have the 
greatest potential for overall effectiveness in a successful 
integrated pest management system (Beland & Hatchett 1976, Newsom et 
al. 1980).
Host Plant Resistance in Soybeans
Systematic screening of several recent plant introductions (Pis) 
for resistance to the Mexican bean beetle in field studies resulted in 
the selection of three soybean lines (PI 171451, 229358, and 227687) 
in which high levels of resistance were manifested (Van Duyn et al. 
1971). Although the presence of resistance to one or two insect pests 
does not necessarily insure resistance to a large variety of pests 
(Hatchett et al. 1979, Smith & Brim 1979), these PI lines or progeny 
of crosses with susceptible lines have demonstrated resistance to 
several insect pests of soybeans including the bean leaf beetle, 
Ceratama trifurcata (Forster); the striped blister beetle, Epicauta 
vittata (F.); the bollworm (Clark et al. 1972); the tobacco budworm,
H. virescens (F.) (Hatchett et al. 1976); the soybean looper 
(Tumipseed & Sullivan 1976); the cabbage looper, Trichoolusia ni 
(Hubner) (Iuedders & Dickerson 1977); the velvetbean caterpillar
(Paschal & Minor 1978); the American bollworm, H. armigera; and H. 
punctigera (Tuart & Rose 1979).
Resistance of PI 229358, 227687, and 171451 to lepidopterous 
larvae has teen attributed to an antibiotic effect Which manifests 
itself primarily during the last instar (Clark et al. 1972, Beland & 
Hatchett 1976, Hatchett et al. 1976). Antibiosis is characterized in 
tobacco budworm and bollworm larvae by significant weight reductions 
accompanied by a lengthened larval period with mortality occurring 
between the fifth and eighth instars (Beland & Hatchett 1976, Smith & 
Brim 1979). In the soybean looper (Smith & Gilman 1981), the American 
bollworm, and H. punctigera (Tuart & Rose 1979), significant mortality 
was also observed during the first week of feeding as well as during 
the last instar.
In order to understand potential resistance mechanisms of these 
soybean lines, PI 227687 was selected for study since it is one of the 
more resistant of these lines to larvae of the soybean looper (Smith 
1985). Effects of PI 227687 resistance observed in soybean loopers 
during the last instar are attributed to a combination of both 
antixenosis (feeding deterrancy and/or absence of feeding stimulants) 
and antibiosis (toxicity or metabolic growth inhibition) (Reynolds et 
al. 1984, Reynolds & Smith 1985, Smith 1985). To identify 
allelochemicals involved in the resistance mechanism solvent 
partitioning and subsequent bioassays of various leaf extracts 
incorporated into artificial diet indicated that the resistance factor 
was associated with a methanolic fraction (Smith & Fischer 1983). The 
first identified allelochemical associated with the resistant fraction
was coumestrol, however, incorporation of coumestrol alone into 
artificial diet did not produce evidence of biological activity (Smith
1985). Other components of this fraction have also recently been 
identified (phaseol and afrormosin) (Caballero et al. 1986). As with 
coumestrol, their role in the resistance mechanism of PI 227687 to 
soybean loopers is also unknown.
Interactions Between Host Plant Resistance and Insecticide Toxicity 
Changes in host plant consumption for a particular pest species 
(such as may occur by the introduction of resistant genotypes of 
soybeans) may potentially influence the susceptibility of that pest to 
insecticides. Gordon (1961) suggested that highly polyphagous, 
phytophagous insects were more resistant to synthetic pesticides than 
less polyphagous species as a result of their adaptations to a wide 
array of plant toxins. As evidence of this, Krieger et al. (1971) 
demonstrated a positive correlation between the number of plant 
families in the insect species' diet and the level of mixed function 
oxidase activity in the larval gut. Although these generalizations 
have since been criticized (Gould 1984), the suggestions made led to a 
large number of studies which have examined various aspects of insect 
metabolism as well as insecticide interactions as influenced by a 
variety of host plants and associated allelochemicals (see Terriere 
1984 for review). For example, sixth instar larvae of the variegated 
cutworm, Peridroma saucia (Hubner), fed peppermint leaves were shown 
to have greater tolerance to acephate, methomyl, and malathion than 
larvae fed upon bean leaves as a result of increased monooxygenase
5activity (Berry et al. 1980). Host plant induction of enzyme systems 
other than monooxygenases have also recently been demonstrated to have 
significant influences upon insecticide toxicity (Yu 1982a, 1984).
Interactions which occur between host plant constituents and 
enzyme induction in insects have raised certain questions with respect 
to the use of insect-resistant genotypes and their potential 
influences upon insecticide susceptibility. For example, an insect 
population capable of surviving on a resistant host plant may 
experience reduced vigor as a result of nutritional deficiency, 
nonpreference for feeding, or antibiosis; all of which would tend to 
contribute to increased insecticide susceptibility. Indeed, there are 
several examples in which host plant resistance has contributed to 
increased pesticide susceptibility (Kea et al. 1978, Heinrichs et al. 
1984). However, insects capable of survival on a resistant host plant 
may do so as a result of an increased capacity for detoxication. This 
can result in decreased insecticide susceptibility and ultimately lead 
to the development of resistance to these insecticides. For example, 
the tobacco budworm reared on a resistant variety of tomato had a 
significant increase in tolerance to carbary 1, presumably due to 
induction of monooxygenase enzymes by the allelochemical involved in 
the resistance mechanism of tomato (2-tridecanone) (Kennedy 1984). A 
similar type of interaction was also demonstrated in a population of 
spider mites which, as a result of several generations of selection on 
a toxic hast plant, was resistant to several organophosphate 
insecticides (Gould et al. 1982).
In contrast to the many studies which have examined the
interactions associated with insects fed a variety of host plants upon 
insecticide toxicity (Berry et al. 1980, Wood et al. 1981, Farnsworth 
et al. 1981, Yu 1982a, 1982b), relatively few studies have examined 
the influence of insect-resistant genotypes for a given host species 
upon insecticide susceptibility (Kea et al. 1978, Kennedy 1984, 
Heinrichs et al. 1984, and/or enzyme activity (Dowd et al. 1983a,
1986). In the case of the tobacco budworm, feeding on resistant 
soybean leaves resulted in a significant increase in susceptibility to 
both methomyl and Bacillus thurimiensis (Kea et al. 1978). Soybean 
loopers reared on the resistant soybean variety in the same study also 
were more susceptible to methyl parathion than those reared on the 
susceptible variety. However, as illustrated above, host plant 
resistance can also result in decreased toxicity to insecticides due 
to the induction of detoxication enzymes (Kennedy 1984). Therefore, a 
primary goal of the present study was to determine the extent to which 
feeding on PI 227687 leaves affected insecticide toxicity to soybean 
loopers and velvetbean caterpillars for five insecticides commonly 
used in soybean insect pest management.
Metabolism as Affected by Host Plant Resistance and Plant 
Allelochesnicals
Changes in insecticide toxicity can be the result of differences 
in metabolism, decreased cuticular penetration of the insecticide, or 
modifications in the target site (Dauterman 1983). Generally for most 
insecticide groups, differences in toxicity observed as a result of 
resistance development or host plant induction tend to involve
enzymatic metabolism. Several enzyme systems are known to be involved 
in insecticide detoxication including monooxygenases, glutathione S- 
transf erases, and esterases.
Perhaps the most widely studied and best understood group of 
metabolic enzymes is that of the monooxygenases. Cytochrome P-450, 
the principle component of the monooxygenase system, exists in a 
number of forms, each of which possesses a different, but overlapping 
substrate specificity (Wilkinson 1983, Hodgson 1985). This enables 
monooxygenases to metabolize almost any lipophilic foreign compound 
with which it comes into contact, including the several potentially 
harmful secondary plant products such as phenolics, quinones, 
terpenoids, and alkaloids (Brattsten 1983) as well as exogenous 
compounds such as pesticides and drugs (Hodgson 1985). Recent reviews 
of the role of monooxygenase enzymes in insecticide resistance as well 
as in adaptations of insects to host plants are provided by Wilkinson 
(1983) and Hodgson (1985).
Glutathione S-transferases are cytosolic enzymes which catalyze 
the conjugation of electrophilic xenobiotics with endogenous 
glutathione. The conjugates thus formed are then further metabolized 
by various enzymes to form mercapturic acids prior to excretion. As 
with cytochrome P-450, the glutathione S-transferase enzymes exist in 
several forms possessing broad overlapping patterns of substrate 
specificity (Motoyama et al. 1983). High levels of glutathione S- 
transferase activity are known to be important for the resistance of 
houseflies to organophosphates (Motoyama & Dauterman 1980).
Esterases are hydrolases which split ester containing compounds
by the addition of water to the ester bond to yield an alcohol and an 
acid. These enzymes play an important role in detoxication of 
organophosphates (Main & Braid 1962, Menzer & Dauterman 1970, Eto 
1974), carbamates (Ruhr & Dorough 1976), pyrethroids (Casida & Razo 
1980, Soderlund et al. 1983), and juvenile hormone analogs (Hammock & 
Quistad 1981). Esterases are considerably more active in mammals than 
in insects, contributing to the selective toxicity of insecticides 
including malathion (Bull 1972, Eto 1974), acephate (Magee 1982), and 
certain pyrethroids (Chambers 1980, Casida et al. 1983). Esterases 
have also been implicated in pyrethroid and organophosphate resistance 
of the green peach aphid, Mvzus persicae (Devonshire & Moores 1982), 
several species of mosquito (Georghiou & Pasteur 1980, Yasutomi 1983) 
and in the tobacco budworm (Dowd et al. 1987)
The interaction of soybean host plant resistance with enzyme 
metabolism was recently investigated in larvae of the cabbage looper 
and the soybean looper (Dcwi et al. 1983a). Cabbage loopers fed 
resistant soybean leaf extracts in their diet had significant 
increases in midgut esterase activity while soybean loopers fed the 
same extracts had decreases in midgut esterase activity. Yet another 
study demonstrated enhancement of glutathione S-transferase activity 
as a result of feeding on methanol leaf extract (Dowd et al. 1986).
Results of these studies indicate that soybean resistance 
influences the metabolic capacity of enzymes often involved in 
insecticide metabolism. The induction and/or suppression of these and 
other enzymes involved may lead to differences in insecticide 
susceptibility. Therefore, one of the goals of the present study was
to investigate the extent to which changes in insecticide toxicity 
were the result of differences in enzyme metabolism. The enzyme 
systems to be investigated include representatives from each major 
group of detoxication enzymes; monooxygenases, glutathione S- 
transf erases, esterases, and amidases.
Host plant resistance to insects is often conferred by toxic 
substances present in the plants (Norris & Kogan 1980). Among the 
several allelochemicals which have been implicated in insect 
resistance in a variety of agricultural plants are the glycoalkaloids 
in potato, gossypol in cotton, tomatine and 2-tridecanone in tomato,
2,4-dihydroxy-7-methoxy-2H-l, 4-benzoxin-3-one (DIMBOA) in com, and 
nicotine in tobacco. Several of these and other allelochemicals have 
been shown to be responsible for increased activity of a variety of 
detoxication enzymes in both insects and mammals (Brattsten 1979, 
Terriere 1984). The detoxication of several plant toxins by many of 
the enzymes also involved in insecticide metabolism is reviewed by 
Dowd et al. (1983b).
Coumestrol is an allelochemical associated with the resistance 
mechanism of PI 227687 leaves. Incorporation of coumestrol into 
artificial diet did not produce discernible biological effects upon 
larval growth or survival of soybean looper larvae (Smith 1985). 
However, coumestrol content of individual trifoliates of PI 227687 
leaves is highly correlated with the varying levels of resistance to 
soybean loopers fed on leaflets taken from the same trifoliate 
(Caballero et al. 1988). Discernible toxic manifestations of 
coumestrol may be masked by optimal levels of protein and
carbohydrates present in artificial diet. Alternatively, the role of 
coumestrol in the resistance mechanism may be additive or synergistic 
with some of the other allelochemicals present in PI 227687 leaves.
In view of the potential role of coumestrol in the resistance 
mechanism of PI 227687 leaves, an additional goal of the present 
investigation was to more closely examine coumestrol interactions with 
soybean looper resistance by making dietary modifications to more 
closely mimic concentrations of protein and carbohydrates found in 
soybean leaves. In addition, interactions of coumestrol-amended diet 
with insecticide toxicity as well as metabolism were incorporated into 
the study.
Mechanisms of Insecticide Resistance in Soybean loopers
Just as the use of insect-resistant varieties might select for an 
insect population with greater capacity for insecticide detoxication, 
also the development of an insecticide resistant population might lead 
to an increased capacity for overcoming host plant resistance (Gould 
et al. 1982). Although the present investigation does not attempt 
to examine these types of interactions, the infortuitous development 
of apparent permethrin resistance in a field population of soybean 
loopers prompted an investigation of potential mechanisms of 
resistance.
Resistance to pyrethroid insecticides can be due to increases in 
metabolic activity of both hydrolytic (Soderlund et al. 1983, Dowd et 
al. 1987) and oxidative (Soderlund et al. 1987) pathways. However, 
pyrethroid resistance often involves the desensitization of the
peripheral nervous system to the insecticide. This desensitization 
results in an inability of the insecticide to produce a knockdown 
response, characterized by a loss of locomotion or inability to right 
oneself (Sawicki 1985). Such resistance to knockdown (or kdr) was 
investigated in addition to the metabolic pathways described 
previously by the comparison of the field population with a 
susceptible laboratory population.
Results of the present study will be of considerable benefit 
since mechanisms of insecticide toxicity and metabolism have not 
previously been explored in the soybean looper except to a minor 
degree (Dowd et al. 1983a, 1986). Although the soybean looper has 
long been suspected of resistance to a variety of pesticides, no 
investigations of potential resistance mechanisms have been performed. 
Results of these investigations will provide baseline toxicity 
information as well as information with respect to metabolism of 
substrates typically involved in insecticide metabolism.
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Chapter I.
Insecticide Toxicity to the Soybean Looper and the Velvetbean 
Caterpillar (Lepidoptera: Noctuidae): The Influence of Feeding on 
Resistant Soybean (PI 227687) leaves and Coumestrol
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ABSTRACT
Permethrin, fenvalerate, acephate, methyl parathion and methomyl 
were bioassayed on larvae of the velvetbean caterpillar, Anticarsia 
gemmatalis (Hubner), and the soybean looper, Pseudoplusia includens 
(Walker), fed on a susceptible (Bragg) versus a resistant (PI 227687) 
soybean cultivar. At the LD50 level/ susceptibility of A. gemmatalis 
larvae to fenvalerate and acephate was significantly enhanced by 
feeding on the resistant cultivar (1.5- and 1.6-fold, respectively). 
Pseudoplusia includens reared on resistant leaves were also 
significantly more susceptible to acephate (2-fold) than when they 
were reared on susceptible leaves. The toxicity of the other 
insecticides examined for each insect was not affected. Incorporation 
of coumestrol, an isoflavonoid associated with PI 227687 resistance, 
into a modified artificial diet resulted in significant reductions in 
weight gain for P. includens larvae. Feeding on a diet amended with 
coumestrol significantly enhanced the toxicity of fenvalerate (1.5- 
fold) while reducing toxicity of methomyl (2-fold) to larvae of P. 
includens.
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INSECTICIDE TOXICITY is influenced by a variety of factors including 
the physiological state of the insect which, in turn, depends upon the 
type and quality of the host plant fed upon (Berry et al. 1980, Wood 
et al. 1981) as well as the allelochemicals present within the host. 
Numerous studies have demonstrated that plant allelochemicals can 
induce or suppress enzymes involved in insecticide metabolism, thereby 
influencing insecticide toxicity (Brattsten et al. 1977, Kennedy 1984, 
Yu 1984, 1986). Because insect resistant cultivars can influence the 
toxicity of an insecticide to a pest species (Kea et al. 1978, 
Heinrichs et al. 1984, Kennedy 1984, Yu 1986), differences in the type 
and quantities of allelochemicals may be at least partially 
responsible for the differences in insecticide toxicity.
Soybean plant introduction PI 227687 is resistant to several 
insects including the soybean looper, Pseudoplusia includens (Walker) 
(Smith 1985). Resistance of this line to P. includens is attributed 
to antibiosis, manifested primarily during the last instar and 
characterized by reduced weight, increased development time, and 
increased mortality (Reynolds et al. 1984). Solvent extraction of 
resistant leaves and subsequent bioassay of the extracts indicates 
that the resistance factor is associated with the methanolic fraction 
(Smith & Fisher 1983). One of the major components of the methanol ic 
fraction is coumestrol (Smith 1985). Although the coumestrol content 
of individual leaves is highly correlated with reduced feeding indices 
for P. includens larvae (C.M.S., unpublished data), incorporation of 
coumestrol into artificial diet did not result in the symptomology
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previously observed when methanol ic extracts were added to diet (Smith 
1985, Smith & Fischer 1983).
In the present study our purpose was 1) to explore potential 
interactions of PI 227687 resistance with insecticide toxicity using 
two economic pests of soybeans, P. includens and the velvetbean 
caterpillar, Anticarsia gemmatalis (Hubner), and five insecticides 
currently recommended for use against one or both pests; 2) to explore 
the possibility that biological effects of coumestrol might become 
evident in P. includens larvae as a result of diet modification; and 
3) to evaluate the effects of ooumestrol-amended diet on insecticide 
toxicity to P. includens.
Materials and Methods
Plants. Seeds of the insect-resistant soybean genotype PI 227687 
were obtained from E.E. Hartwig (USDA ARS, Delta Branch Experiment 
Station, Stoneville, MS) and Curtis Williams (Jacob Hartz Seed Co., 
Stuttgart, AR). The commercial cultivar 'Bragg' was used as the 
susceptible control. The late maturing cultivar PI 227687 was planted 
on May 30, 1984, three weeks prior to the early maturing 'Bragg' 
cultivar which was planted on June 20. Three 60 m rows of each 
variety were planted with a plant density of approximately 24-30 
plants per m of row. Herbicide application was by preplant 
incorporation of 0.7 kg (AI)/ha trifluralin 4L and 0.34 kg (Al)/ha 
metribuzin 4F.
Chemicals. Technical grades (> 97% purity) of permethrin (40/60 
cis/trans), fenvalerate, and acephate were provided by FMC Corp.
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(Middleton, NY), Shell Development Corp. (Modesto, CA), and Chevron 
Chemical Company (Richmond, CA), respectively. Methyl parathion and 
methomyl (both analytical grade, 99%) were purchased from Chem Service 
(West Chester, PA). Coumestrol was purchased from Eastman Kodak 
Company (Rochester, N.Y.). All other chemicals and biochemicals were 
purchased from Sigma Chemical Company (St. Louis, MO).
Insect Rearing. Pseudoplusia includens and A. gemmatalis larvae 
were obtained from laboratory colonies maintained on artificial diets 
at 27 ± 2°C, 65 ± 10% RH, and a photoperiod of 14:10 (L:D). The LSU 
standard diet used for maintenance of P. includens is a modification 
of the diet described by Burton (1969) (Table 1). An alternative diet 
used in this study was a modification of the pinto bean diet developed 
by Shorey & Hale (1965). This diet (hereafter referred to as the 
modified diet) was formulated by reducing amounts of pinto beans and 
brewer's yeast by 50% while maintaining all other ingredients at 
normal levels. Anticarsia gemmatalis larvae were reared on the 
soybean flour-wheat germ diet described by King & Hartley (1985).
Genetic heterogeneity of both colonies was maintained by a semi-annual 
addition of field collected larvae.
Larvae of each species were reared on leaves four through seven 
(Reynolds & Smith 1985) which had teen removed from 9-12 week old 
(Bragg) or 12-15 week old (PI 227687) plants. Excised leaflets were 
surface sterilized with 1% sodium hypochlorite and briefly rinsed with 
water. Groups of 15 neonate larvae were introduced to petri dishes 
containing one leaflet each and reared as previously described 
(Reynolds et al. 1984) until the fourth instar. At that time, larvae
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Table 1. Modifications of pinto bean diet used in laboratory rearing of P. 
includens.
Ingredient Burton 
f1969}
LSU
Standard
Shorey & 
Hale f19651
50% Modified 
Diet
Soaked pinto beans 862.5 g 862.5 g 860 g 430 g
Yeasta 128 g 128 g 128 g 64 g
Wheat germ 200 g 200 g - -
Soybean protein - 100 g - -
Vanderzant vitamin - 60 g - -
Ascorbic acid 13 g 13 g 13 g 13 g
Methyl p-hydroxybenzoate 8 g 8 g 8 g 8 g
Sorbic acid 4 g 4 g 4 g 4 g
Formaldehyde (10%) 32 ml 32 ml - -
Agar 50 g 50 g 50 g 50 g
Water 2800 ml 3200 ml 2560 ml 2560 ml
aBurton's diet utilizes Torula yeast, all others use Brewer's yeast.
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vised in insecticide tests were selected on the basis of weight (20-35 
mg) and divided into groups of five per plate for insecticide 
treatments. Two groups of approximately 30 P. includens larvae were 
also examined to determine approximate length of the larval period on 
PI 227687 leaves versus 'Bragg' leaves. At the time of fourth instar, 
these larvae were divided into groups of three per plate and were 
observed daily until pupation. Mean time to achieve 50% pupation was 
compared by a t test.
The development of P. includens larvae on standard diet versus 
the modified diet was also evaluated. Individual neonate larvae were 
placed in 30 ml diet cups containing approximately 7 ml of diet. For 
each treatment, two groups of 30 larvae were examined daily to 
determine the day of pupation. Data analysis of mean time to achieve 
50% pupation was by a t test.
Larval Development on Ooumestrol-Amencted Diet. The impact of 
coumestrol on P. includens larval development was assessed on both 
standard and modified diets. Coumestrol (0.01% wt/wt (Dowd et al.
1983)) was added to each diet in 2 ml dimethylsulfoxide (EMSO) per 
1000 ml of diet. Controls received CMSO only. Each neonate larva was 
placed in a 30-ml cup containing control or coumestrol-amended diet.
Each of two replicates included 30-40 individuals per treatment.
Larval development was assessed daily as described by Shour & Sparks 
(1981). larvae reared on the standard medium were weighed on the 
second day of the final instar (L5D2; Shour & Sparks 1981) which was 
one day before feeding cessation and the initiation of wandering 
behavior. Larvae reared on the modified diet were weighed on the day
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most of the control larvae entered the fifth instar (L5D1, day 10) and 
again on the secondday of the final instar (L6D2, day 13). Larval 
weights were analyzed by analysis of variance (SAS Institute, Inc.
1985).
Insecticide Bioassays. Insecticide bioassays were done with 
feeding fourth instars of both species which were selected on the 
basis of weight (20-35 mg). Larvae reared in 430 ml containers of 
artificial diet containing coumestrol or EMSO were selected the 
evening before bioassay and were transferred individually to 30 ml 
containers of the appropriate diet. Insecticide treatment was by 
topical application of 1 /jlI on the prothoracic dorsum. Controls were 
treated with 1 jul acetone. A minimum of 10 larvae were treated for 
each of five concentrations of insecticide. Each bioassay was 
replicated at least three times. The criterion for mortality was an 
inability to translocate within 30 seconds after being disturbed. 
Mortality data (72 h) were analyzed by probit analysis (Finney 1971) 
using a microconputer-based program (MicroProbit 3.0, T.C. Sparks &
A. P. Sparks). Relative differences among insecticide treatments as 
influenced by feeding on PI 227687 leaves or coumestrol-amended diet 
were indicated by toxicity ratios (ID50 Bragg/ID50 PI 227687 or ID5o 
Control/U>50 Coumestrol). Differences among treatments were 
considered significant if the 95% fiducial limits did not overlap.
Results
Toxicity of acephate and fenvalerate was significantly greater 
(ca. 1.5-fold) for larvae of A. gemmatalis when reared on resistant PI
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Table 2. Toxicity of selected insecticides to fourth instar gemmatalis reared on
Bragg and PI 227687 leaves.
Insecticide Variety n Slcpe ;t SE LD50 (95% FL)a Ratio
Permethrin
Fenvalerate
Bragg 
PI 227687
280
150
2.30 + 
2.17 +
0.30
0.64
0.188 (0.158 - 0.222) 
0.164 (0.104 - 0.204)
1.15
Methomyl
Bragg 
PI 227687
200
135
2.76 + 
4.32 +
0.30
0.76
0.556 (0.464 - 0.700) 
0.380 (0.336 - 0.452)
1.46*
Acephate
Bragg 
PI 227687
205
155
1.94 ± 
2.70 +
0.24
0.43
2.32 (1.84 - 3.04) 
2.72 (2.08 - 4.00)
0.85
Bragg 
PI 227687 
Methyl Parathion
155
170
3.38 + 
2.24 +
0.43
0.28
36.08 (30.40 - 44.40) 
22.60 (17.44 - 28.60)
1.60*
Bragg 
PI 227687
160
240
3.86 + 
5.75 +
0.67
0.79
3.60 (3.16 - 4.20) 
3.20 (2.88 - 3.52)
1.12
a LD5o values are in /ig/g body weight.
k Toxicity Patio is ID5 0 Bragg/U^g 227687. Values with asterisks are significant (95%
fiducial limits do not overlap).
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227687 leaves than when reared on Bragg leaves (Table 2). Differences 
in toxicity related to host plant were not observed with respect to 
permethrin, methomyl, or methyl parathion. Acephate was also 
significantly more toxic (2-fold) to P. includens larvae reared on PI
227687 leaves compared with those reared on Bragg leaves (Table 3).
No other differences in toxicity could be attributed to differences 
between host plants for any of the other insecticides assayed against 
P. includens.
Pseudoplusia includens larvae which were reared on standard diet 
pupated in 12.9 ± 0.7 days. This pupation time contrasts
significantly with that of larvae reared on the modified diet (16.2 +
1.4 days). Not only is this delay in development within the range 
observed previously on artificial diets: 13.4 (Canerday & Arant 1967), 
16.8 (Shour & Sparks 1981), and 19.6 days (Mitchell 1967), but it is 
also closer to values that we (15.1 + 1.0 and 15.8 ± 0.8 days for 
'Bragg* vs PI 227687 leaves, respectively) and others (21.2 (Smith & 
Gilman 1981) and 17.5 days (Smith 1985)) have observed for larvae 
reared on host leaves.
The addition of coumestrol (0.01%) to the standard P. includens 
diet did not result in any significant differences in weight, 
developmental time, or mortality. Last-instar weights (+ SD) were
271.4 (49.1) and 260.5 (50.0) mg for larvae reared on control diet and 
coumestrol-amended diet, respectively.
Results observed with respect to coumestrol addition to the 
standard diet contrast with those observed on the modified diet.
Although in modified diet, coumestrol addition did not significantly
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Table 3. Toxicity of selected insecticides to fourth instar includens reared on
Bragg and PI 227687 leaves.
Insecticide Variety n Slope ;t SE IB50 (95% FL)a Ratio
Permethrin
Fenvalerate
Bragg 
PI 227687
160
150
8.57 ± 
8.94 +
1.43
1.33
0.296 (0.272 - 0.316) 
0.312 (0.292 - 0.332)
0.95
Methomyl
Bragg 
PI 227687
105
135
4.27 + 
3.13 ±
0.71
0.52
0.608 (0.516 - 0.741) 
0.484 (0.406 - 0.598)
1.26
Acephate
Bragg 
PI 227687
150
120
2.91 + 
2.39 ±
0.39
0.40
3.63 (2.94 - 4.55) 
3.72 (2.87 - 5.00)
0.98
Bragg 
PI 227687 
Methyl Parathion
195
200
2.23 ± 
1.91 ±
0.29
0.27
39.59 (32.13 - 49.60) 
19.27 (14.44 - 24.41)
2.05*
Bragg 
PI 227687
280
215
1.46 ± 
1.16 ±
0.19
0.20
1153.6 (900.40 - 1512.77) 
1092.1 (762.47 - 1608.20)
1.06
a LD5 0 values are in (jq/q body weight.
b Toxicity Patio is LD5 0  Bragg/LC^o PI 227687. Values with asterisks are significant (95%
fiducial limits do not overlap).
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influence weight gain prior to the penultimate instar (day 10 for the 
majority of larvae examined), a small decrease in weight was evident 
(Table 4). However, by the time control larvae reared on the modified 
diet had attained maximum weight (day 13), those larvae reared on 
coumestrol-amended diet were significantly smaller (F = 4.49; df =
1,116; P < 0.05) (Table 4).
Larvae of P. includens fed the modified diet containing 
coumestrol were significantly more susceptible to fenvalerate (1.5- 
fold) than those fed the control diet (Table 5). In contrast, larvae 
were significantly more tolerant to methomyl (2-fold) when fed on 
coumestrol-amended diet. Significant differences in insecticide 
toxicity were not observed between control and coumestrol-amended 
diets for acephate, permethrin, or methyl parathion.
Discussion
Insects feeding on resistant host plant cultivars have been shown 
to be more susceptible to both pathogens (Fernandez et al. 1969, Bell 
1978) and insecticides (McMillian et al. 1972, Schuster & Anderson 
1976, Heinrichs et al. 1984, Kea et al. 1978). Increased insecticide 
efficacy in field tests can be caused by a variety of factors 
including differences in pest population levels that result from 
decreased host attractiveness to ovipositing adults (Schuster &
Anderson 1976), increased larval antibiosis (Bell 1978), increased 
predation (Kartohardj ono & Heinrichs 1984), and decreased general 
fitness of the insect on the resistant cultivar (Heinrichs et al.
1984). In an effort to eliminate seme of these factors and thereby
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Table 4. Effect of coumestrol on development of Et includens larvae
Mean Weight (mg) + S.D.a
50% Modified Diet n Day 10 n Day 13
Solvent Control (EMSO) 59 47.9 + 25.9 a 58 199.6 ± 81.9 a
Coumestrol Amended (.01%) 59 41.4 ± 20.9 a 59 170.9 + 76.8 b
a Means in the same column followed by the same letter are not significantly 
different (F = 4.02; df = 1, 116; P < 0.05).
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Table 5. Toxicity of selected insecticides to fourth instar P. includens fed control
(50% modified diet) and coumestrol-amended diet.
Insecticide Treatment n Slope ± SE LDsO (95% FL)a Ratio
Permethrin
Control 140 3.84 + 0.65 0.156 (0.132 - 0.184) 0.89
Coumestrol 180 4.44 ± 0.65 0.176 (0.156 - 0.196)
Fenvalerate
Control 150 3.34 + 0.55 0.357 (0.304 - 0.432) 1.48*
Coumestrol 190 4.45 + 0.66 0.259 (0.224 - 0.291)
Methomyl
Control 150 2.22 ± 0.47 1.28 (0.79 - 1.67) 0.48*
Coumestrol 160 2.61 ± 0.39 2.65 (2.14 - 3.34)
Acephate
Control 180 1.16 ± 0.19 138.3 ( 92.0 - 244.5) 0.74
Coumestrol 180 1.08 + 0.20 187.4 (119.2 - 382.0)
Methyl Parathion
Control 120 1.55 ± 0.33 1210.1 ( 785.8 -• 1740.6) 0.88
Coumestrol 230 2.06 + 0.21 1368.3 (1091.7 -■ 1752.8)
a LD5 0 values are in /xg/g body weight.
b Toxicity Ratio is ID5 0 Control/IX^Q Coumestrol. Values with asterisks are significant
(95% fiducial limits do not overlap).
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allow for a more detailed examination of differences in insecticide 
toxicity which might arise as a result of variation in host plant 
allelochemistry, the insecticide bioassays in this study were done 
with laboratory-reared larvae which were developmentally equivalent in 
terms of stage, size, and weight.
Anticarsia gemmatalis larvae fed foliage of PI 227687 were 
significantly more susceptible to fenvalerate than those fed Bragg' 
foliage (Table 2). Although increased susceptibility on the resistant 
host could be due to decreased larval fitness, it may also be the 
result of differential metabolism in response to allelochemicals. A 
previous study (Dowd et al. 1986), in which methanolic leaf extracts 
were incorporated into artificial diet, demonstrated a significant 
reduction in the rate of fenvalerate hydrolysis for P. includens 
larvae fed PI 227687 total leaf extracts relative to those fed 
susceptible leaf ('Davis') extracts.
larvae of both A. gemmatalis and P. includens were significantly 
more susceptible to acephate when reared on PI 227687 leaves than when 
reared on 'Bragg1 leaves (Table 3). Since acephate must be 
metabolically activated by conversion to methamidophos via an amidase 
(Magee 1982, Rose & Sparks 1984), the greater toxicity of acephate to 
larvae fed on PI 227687 leaves might be due to increased titer of the 
amidase(s) involved. Indeed, amidase activity of P. includens larvae 
fed on artificial diets containing methanol ic total leaf extracts of 
resistant (PI 227687) leaves was greater than that of those larvae fed 
susceptible (Davis') extracts (Dowd et al. 1986).
Feeding on resistant PI 227687 leaves did not significantly
influence insecticide toxicity for three of five insecticides tested 
against A. gemmatalis. nor for four of five insecticides tested 
against P. includens. This lack of insecticide-host plant 
interaction for these insecticides may, in part, have resulted from 
the use of larvae that were physiologically similar (size and weight). 
Increases in insecticide efficacy as a result of host plant resistance 
are likely to be due, at least in part, to reduced weight gains 
associated with feeding on the resistant variety. For example, Kea et 
al. (1978) noted significant decreases in weights of P. includens and 
bollworms Heliothis zea (Boddie), when reared on resistant soybean 
leaves. These weight differences may have contributed to the 
increased insecticide efficacy associated with the resistant genotype. 
Therefore, results obtained in the present study probably 
underestimate the effect of the host plant on insecticide toxicity.
Addition of coumestrol to the standard diet routinely fed to P. 
includens did not result in either a decrease in weight or an increase 
in mortality, both of which had previously been noted in larvae fed 
standard diet supplemented with the methanol extracts (Smith & Fischer
1983). Since artificial diets may be superoptimal for insect 
development, their use may potentially mask the effects of 
incorporated allelochemicals. For example, the negative effects of 
leaf resins upon growth rate and toxicity to larvae of the checkerspot 
butterfly, Euphvdrvas chalcedona (Doubleday & Hewitson), were reduced 
by increasing the concentration of dietary proteins in the diet 
(Lincoln et al. 1982). Previous investigators have suggested use of 
substandard diets, created by deletion of essential ingredients, as a
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means to accentuate differences between resistant and susceptible 
plant factors when incorporated into artificial diet (Wiseman et al.
1984). Rather than deleting essential ingredients, we felt a more 
appropriate response to the problem of superoptimal diets was the use 
of a modified diet that (as far as possible) approximated the 
nutritional qualities of the host plant while maintaining normal 
growth and development of the insect. We found that levels of protein 
(6.4%) and carbohydrates (7.2%) calculated from the constituents of 
the artificial diet (Watt & Merrill 1975) routinely used to rear P. 
includens larvae (standard diet, Table 1) were substantially greater 
than levels reported to be present in 10-week old soybean leaves (1% 
protein, 2-3% carbohydrates) (Tester 1977). Modification of the 
Shorey & Hale (1965) diet by 50% reduction of pinto beans and brewer's 
yeast provided protein (2.15%) and carbohydrate (3.05%) levels that 
more closely approximated levels assumed to be present in the host 
plants. Development of P. includens larvae reared on this modified 
diet was delayed relative to their development on standard diet 
routinely used in this laboratory, but not with respect to development 
of larvae reared on host plant leaves.
Incorporation of coumestrol into this modified diet resulted in a 
significant reduction in larval weight (Table 4). The decrease in 
weight was not evident at the beginning of the penultimate instar (day 
10), but occurred during the ultimate instar (day 13). The ultimate 
instar is also the stage during which the effects of feeding on PI 
227687 leaves and leaf extracts are made manifest (Smith 1985). Thus, 
the coumestrol-amended modified diet mimics, in part, the effects of
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the toxic factor(s) found in resistant leaves and methanol extracts.
Not only did coumestrol-amended diet alter weight gain of last- 
instar P. includens. but it also resulted in reduced fenvalerate 
toxicity and increased methomyl toxicity in fourth instar larvae 
(Table 5). The decrease in fenvalerate toxicity is consistent with 
results of a previous study (Dowd et al. 1986) in which hydrolysis of 
fenvalerate was less in P. includens larvae fed coumestrol-amended 
diet than in larvae reared on the control diet. Fenvalerate 
hydrolysis was also lower in larvae fed on methanol extracts from PI 
227687 leaves (in which coumestrol content is greater) than from 
'Davis’ leaves. Thus, in vitro evidence supports trends observed in 
fenvalerate toxicity for A. aemmatalis and P. includens larvae reared 
on host plant leaves or coumestrol-amended diet.
In contrast to the results for fenvalerate, larvae of P. 
includens reared on coumestrol-amended diet were significantly less 
susceptible to methomyl than those reared on the control diet.
Methomyl detoxification has been shown to be mediated by 
monooxygenases in the cabbage looper, Trichoplusia ni (Hubner) (Kuhr 
1973). Monooxygenases are also involved in methomyl resistance of the 
European com borer, Ostrinia nubilalis (Hubner) (Kuhr & Hessney
1977), and methomyl toxicity to larvae of P. includens is 
substantially synergized by piperonyl butoxide (R.L.R. & T.C.S., 
unpublished data), a monooxygenase inhibitor (Brattsten & Metcalf 
1970). Thus, coumestrol may induce the monooxygenases responsible for 
methomyl degradation. However, the lack of differences in methomyl 
toxicity to larvae fed the Bragg' rather than PI 227687 leaves
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suggests that factors other than coumestrol may be masking this 
particular effect in the insect.
No significant differences in toxicity were observed between 
coumestrol-amended and control diets for permethrin, acephate, or 
methyl parathion. As observed for methomyl, differences in 
insecticide toxicity to larvae reared on coumestrol-amended diet are 
not necessarily correlated with differences observed between PI 227687 
and Bragg host plants. In fact, acephate toxicity is altered by 
coumestrol-amended diet in the opposite manner as was observed when 
larvae were reared on host plant leaves. These observations are 
consistent with available information indicating that the resistance 
of PI 227687 to P. includens is likely to be due to the combined 
interaction of several allelochemicals. In addition to coumestrol, 
two other allelochemicals from PI 227687 methanol leaf extracts have 
been identified; these are afrormosin and the isoflavone phaseol 
(Caballero et al. 1986). Since isoprenylated isoflavones have greater 
biological activity than their non-prenylated analogs (perhaps as a 
result of their greater lipid solubility) (Ingham et al. 1977, Smith
1978), phaseol, (a prenylated analog of coumestrol), also may 
contribute to PI 227687 resistance to P. includens larvae.
Although available information indicates that several 
allelochemicals may contribute to PI 227687 resistance, our study 
provides further evidence that coumestrol is an important component of 
insect resistance in PI 227687 soybeans. Not only is coumestrol 
present in methanolic leaf extracts associated with resistance (Smith
1985), but increases in coumestrol content also are highly correlated
with decreased feeding indices for larvae of P. includens fed 
individual trifoliates of PI 227687 (C.M.S., unpublished data). 
Although previous studies were unable to demonstrate that coumestrol 
possessed growth inhibitory or feeding deterrency effects (Smith
1985), the use of a modified diet in the present study resulted in 
significant decreases in weight of last instar P. includens larvae. 
Furthermore, these decreases in larval weight occur in a manner 
similar to those observed when larvae are fed on resistant host leaves 
or methanol leaf extracts of which coumestrol is a major component.
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Chapter II.
The Influence of Resistant Soybean (PI 227687) Foliage and Coumestrol 
on the Metabolism of Xenobiotics by the Soybean looper 
(Lepidoptera: Noctuidae)
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ABSTRACT
Metabolic activity towards several xenobiotics was examined in 
larvae of the soybean looper, Pseudoplusia includens (Walker), reared 
on susceptible (Bragg) or resistant (PI 227687) soybean cultivars.
Midgut hcmogenates from last instar soybean loopers reared on PI 
227687 leaves throughout larval life had greater glutathione S- 
transferase (1.5-fold) and monooxygenase (2-fold) activity than those 
reared on Bragg leaves. Minor metabolic differences between larvae 
fed the two soybean cultivars were observed for NADFH cytochrome c 
reductase activity and the hydrolysis of p-nitrophenyl acetate, alpha 
naphthyl acetate and acephate. In contrast, there was no increase in 
glutathione S-transferase activity in last instar larvae fed PI 227687 
foliage in a short term (48 hr) feeding regime. Monooxygenase 
induction was also less than previously observed. In addition, small 
decreases in p-nitrophenyl acetate and alpha-naphthyl acetate 
activities were associated with short term feeding on PI 227687 
foliage. Incorporation of coumestrol, an allelochemical associated 
with insect resistance in PI 227687 foliage into the larval artificial 
diet significantly increased glutathione S-transferase activity. None 
of the other enzymes assayed were affected by the coumestrol-amended 
diet. The increase in glutathione S-transferase activity for larvae 
fed the coumestrol-amended diet relative to the control diet was 
similar to that observed when larvae were fed PI 227687 foliage versus 
Bragg foliage. Results of this study provide further evidence of 
coumestrol involvement in PI 227687 resistance as well as suggesting 
that other factors are also involved.
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SEVERAL STUDIES have amply demonstrated that an insect fed on a wide 
variety of host plant species can display differing levels of 
susceptibility to insecticides (Yu et al. 1979, Berry et al. 1980, 
Farnsworth et al. 1981, Wood et al. 1981). Differences observed in 
insecticide toxicity between host species are often correlated with 
the varying extent to which different enzyme systems are induced by 
the host plants (for review see Terriere 1984). Among the several 
enzyme systems that have been shown to be induced by a variety of host 
species and their allelochemicals are monooxygenases (Brattsten et al. 
1977, Brattsten 1979, Yu et al. 1979, Berry et al. 1980, Yu 1982a, 
1983, 1984), glutathione S-transferases (Yu 1982b, 1984), and 
carboxyesterases (Dowd et al. 1983, 1986). More recently, specific 
allelochemicals associated with host-plant resistance have been 
examined with respect to their ability to induce several of these 
enzymes (Kennedy 1984, Dowd et al. 1986, Brattsten 1987).
With few exceptions, metabolic studies examining host-plant 
interactions with insecticide toxicity have been conducted using an 
insect species which is not necessarily a pest of the several host 
plants tested. Similarly, the interactions of host-plant 
allelochemicals with metabolic processes and insecticide toxicity have 
often involved insects which might never be associated with the plant 
(and associated allelochemicals) being examined. Just as a variety of 
interactions between insecticide toxicity and xenobiotic metabolism 
occur as a result of feeding on several different plant species, 
similar interactions will also occur for insects feeding on insect-
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resistant cultivars with biochemical mechanisms of resistance as 
compared to agronomicaliy desirable cultivars. As the use of insect- 
resistant cultivars becomes more important in integrated pest 
management systems, the potential interactions of these cultivars with 
insecticide toxicity needs to be tetter understood.
The soybean plant introduction PI 227687 is resistant to several 
insect pests of soybean including the soybean looper, Pseudoplusia 
includens (Walker) (Smith 1985). Effects of resistance to the soybean 
looper manifest themselves primarily during the last instar at which 
time there is evidence for both feeding deterrency and antibiosis 
(Smith 1985). The toxicity of some insecticides was increased in 
soybean looper and velvetbean caterpillar larvae fed PI 227687 foliage 
compared to those fed foliage of the susceptible Bragg cultivar (Rose 
et al. 1988). Coumestrol, one of several allelochemicals associated 
with the resistance of PI 227687 to the soybean looper (Caballero et 
al. 1988), also influences insecticide toxicity (Rose et al. 1988).
Thus, the goal of the present study was to evaluate changes in the 
metabolic capability of soybean looper larvae fed PI 227687 foliage, 
Bragg foliage, coumestrol-amended diet, or control diet.
Materials and Methods
Plants. Seeds of the soybean genotype PI 227687 were generously 
supplied by E. E. Hartwig (USDA Delta Branch Experiment Station, 
Stoneville, Mississippi) and Dr. Curtis William (Jacob Hartz Seed Co., 
Stuttgart, AR). The commercial cultivar 'Bragg' was used as the 
susceptible control. Both cultivars were planted in the same field
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plot at a density of 24-30 plants per row meter.
Chemicals. Permethrin (40:60 cis:trans) was kindly provided by 
EMC Corporation (Middleton, NY). Fenvalerate and acephate were gifts 
from Shell Development Corporation (Modesto, CA) and Chevron Chemical 
Company (Richmond, CA), respectively. Methyl parathion and methomyl 
were purchased form Chem Service (West Chester, PA). Coumestrol was 
purchased from Eastman Kodak Company (Rochester, NY). All other 
chemicals and biochemicals were obtained from Sigma Chemical Company 
(St. Louis, M3).
Insects and Diets. The ISU laboratory population of soybean 
loopers was obtained from a field population collected from soybeans 
in 1982 at St. Gabriel, Louisiana. This colony is supplemented from 
field collected individuals on a semiannual basis. Larvae are 
maintained on a pinto bean diet modified from Burton (1969) as 
described previously (Rose et al. 1988).
Four groups of soybean looper larvae were evaluated for changes 
in metabolic capability as influenced by feeding on Bragg or PI 227687 
leaves in short term or long term feeding regimes. The first two 
groups, referred to as long term (IT), were reared throughout larval 
life on trifoliates four through seven from the plant apex (Reynolds & 
Smith 1985) which had been removed from 9 to 12 week old Bragg or 12 
to 15 week old (PI 227687) plants. Excised leaflets were surface 
sterilize! with 1% sodium hypochlorite and briefly rinsed with tap 
water. Groups of 15 neonate larvae were introduced into petri dishes 
containing one leaflet and reared as described by Rose et al. (1988) 
until the fourth instar. At that time, larvae were divided into
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groups of five per petri dish and reared until the day of molt to the 
final instar when they were segregated into groups of three per plate 
and reared for two additional days.
The second two groups of larvae were reared through the 
penultimate instar on artificial diet. At the time of molt to last 
instar, larvae were placed in plastic bags containing Bragg or PI 
227687 foliage and allowed to feed for two days prior to enzyme 
assays. These groups are referred to as short term (ST).
A previous study (Rose et al. 1988) used a modification of the 
Shorey & Hale (1965) diet in which pinto beans and brewer' s yeast were 
reduced by 50% while maintaining the original concentration of all 
other ingredients to examine the effects of coumestrol on both soybean 
looper development and insecticide toxicity. During the course of 
this study, soybean looper growth on this diet formulation was 
sometimes erratic; necessitating the development of a similar diet for 
comparison. The alternative diet formulated was a modification of the 
LSU standard diet (Rose et al. 1988) in which formaldehyde and 
Vanderzant vitamin mix were eliminated while all other dry ingredients 
with the exception of ascorbic acid, sorbic acid and methyl p- 
hydroxybenzoate were reduced by 25%.
Four groups of larvae were reared from the first instar on 
modifications of either the Shorey & Hale (referred to as S&H) or the 
ISU standard (referred to as LSU) diets into which either 
dimethylsulfoxide (EMSO, control) or coumestrol (0.01% in DMSO) had 
been incorporated as described previously (Rose et al. 1988). As for 
larvae reared on foliage, larvae fed artificial diet were segregated
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at the time of molt to the last instar and allowed to feed for two 
additional days prior to evaluating enzyme activity.
Enzyme Assays. larvae molting to the last instar were selected 
on a daily basis to provide two-day-old last instar larvae for the 
enzyme preparations. Midguts were dissected in ice-cold phosphate 
buffer (1=0.1, pH 7.4), split longitudinally and contents removed 
prior to homogenization (6 midguts/ml) in the buffer. The homogenate 
was centrifuged for 5 rain at l,000g followed by centrifugation of the 
resulting supernatant at 12, OOOg for 10 min. The supernatant was used 
as the enzyme source for all assays.
Assays of p-nitroanisole O-demethylase activity were performed 
using a modification of the procedure described by Kinoshita et al.
(1966). The 2 ml incubation mixture consisted of 0.1 M phosphate 
buffer (pH 7.8, 1=0.1), 2 /moles p-nitroanisole, 1.5-3 mg protein and 
0.1 ml of an NADPH generating system consisting of 0.33 ml of 0.45 M 
MgCl2, 0.33 ml of 0.15 M glucose 6 phosphate, 0.25 units of glucose 6- 
phosphate dehydrogenase and 0.01 M NADP in a total volume of 1 ml 
(Hansen & Hodgson 1971). The assay began with the addition of p- 
nitroanisole ran for 15 min at 25°C. The reaction was terminated by 
the addition of 2.5 ml of cold acetone. After addition of 0.2 ml 0.5M 
glycine NaOH buffer (pH 9.5), samples were centrifuged at l,000g for 5 
min. Absorbance was monitored at 400 nm and activity determined from 
a standard curve generated from varying concentrations of p- 
nitrcphenol.
The determination of NADFH cytochrome c reductase activity was 
slightly modified from the procedure of Dallner (1963). Briefly, 0.5
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ml of 0.66 mM KCN was added to selected dilutions of tissue brought to 
0.5 ml and incubated for 2 min at 25 °C. Following the addition of a 
1 ml aliquot of 0.1 mM cytochrome c containing the NADPH generating 
system (1 ml of NADFH generating system was brought to 10 ml in 0.1 mM 
cytochrome c), the change in optical density was monitored at 550 nm 
for 10 min at 35°C. Reductase activity was calculated from the change 
in absorbance using the extinction coefficient of 21.1 mM (Massey 
1959).
Glutathione S-transferase activity was monitored using 1-chloro- 
2,4-dinitrobenzene (CE3NB) as a substrate (Habig et al. 1974). The 3 
ml incubation volume consisted of 0.66 mM of CDNB, 2 mM of 
glutathione, and ca. 0.01 mg of protein. The reaction was monitored 
at 340 nm at 35°C for ca 7 min and activity calculated from the change 
in absorbance using an extinction coefficient of 10 mM (Askelof et al. 
1975).
General esterase activity was determined spectrophotometrically 
after a 20 min incubation at 35°C using alpha-naphthvl acetate (1 mM 
in 1.1 ml, ca. 0.01 mg of protein) (Sparks et al. 1979) or p- 
nitrophenyl acetate (0.5 mM in 2.6 ml, ca. 0.05 mg protein) as 
substrates (Hammock et al. 1977). Determinations of amidase activity 
were performed following incubations of 14C acephate at 35 °C for one 
h. Conversion of acephate to methamidophos was quantitated by thin 
layer chromatography as described by Dowd et al. (1986). Protein 
content was determined by the method of Bradford (1976), as modified 
by the Bio-Rad packaged assay using bovine serum albumin as a 
standard.
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Each of the several assays was performed in duplicate using 
concentrations of protein and incubation conditions which had 
previously been shown to provide linear results. Metabolic activity 
of each enzyme was determined in paired assays for larvae reared on 
Bragg versus PI 227687 foliage or for coumestrol-amended versus 
control diet. Data analysis was performed using paired t test 
analysis.
Results
Midgut homogenates were selected as the tissue source in order to 
assess the direct influence of dietary source upon metabolism.
Following the sedimentation of a mitochondrial pellet the supernatant 
was examined with respect to p-nitroanisole O-demethylase activity in 
the presence and absence of cofactors and inhibitors (Table 1). 
Metabolism of p-nitroanisole required the presence of NADPH for 
activity and was inhibited (85%) by the monooxygenase inhibitor, 
piperonyl butoxide (10“4 M). These results suggest that 0- 
demethylation of p-nitroanisole is due to a typical monooxygenase 
enzyme. However, since the enzyme fraction used was not of microsomal 
origin, the O-demethylation observed might also have been due to 
glutathione S-transferase. Indeed, the addition of glutathione to the 
enzyme-substrate mixture resulted in a significant degree of 
metabolism (Table 1). For the purpose of this study, however, the 
assay was run in the absence of exogenous glutathione so that only 
oxidative metabolism was examined.
Soybean looper larvae fed PI 227687 leaves throughout larval
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Table 1. Effect of cofactors and inhibitors on monooxygenase activity 
as monitored by p-nitroanisole O-demethylase in the soybean looper.
Additions to the Incubation Mixture
NADHi3 PB?3 GSH0 % Controld
+ - - 100
- - - 5.4 + 1.8
+ + - 15.4 ± 0.2
— — + 68.5 ± 7.7
a NADffl generating system (see materials and methods). 
k Piperonyl butoxide (0.1 itm) . 
c Glutathione (3 mM).
d Mean + SE of two experiments, each assayed in duplicate. Control p- 
nitroanisole O-demethylase activity; 1587 + 160 nmoles/min*mg protein.
development had significantly greater levels of both monooxygenase (p- 
nitroanisole O-demethylase activity, 2.1-fold, P < 0.05) and 
glutathione S-transferase (CDNB conjugation, 1.5-fold, P < 0.01) 
activities than larvae fed Bragg leaves (Table 2). Amidase (acephate 
activation to methamidophos) activity was also enhanced (1.18-fold, P 
< 0.06) in larvae fed resistant versus susceptible foliage in the long 
term feeding assays.
Because of the difficulties associated with long term rearing on 
host plant leaves, an alternative approach often used in other studies 
to demonstrate host plant differences in induction is to utilize short 
term feeding assays. These assays often use last instar larvae which 
are switched from artificial media to the host plant two or three days 
prior to assay. In the present study, larvae were transferred from 
artificial diet at the tine of molt to the last instar and assayed two 
days later.
Although several trends of metabolism were similar between the 
two feeding regimes, many differences were noted (Table 2). The most 
dramatic difference was the absence of induction of CENB conjugation 
in larvae fed on PI 227687 for the short term study. Induction of p- 
nitroanisole O-demethylase activity was also less than previously 
observed. In addition, significant decreases in hydrolysis of alpha- 
naphthyl acetate and p-nitrophenyl acetate were observed in larvae fed 
PI 227687 leaves in the short term assay as compared with Bragg 
leaves.
Diet formulation markedly influenced the activities of several 
enzymes (Table 3). However, relative differences in xenobiotic
Table 2. Metabolism of selected xenobiotics in soybean looper midguts 
as influenced by host leaf and time on host plant.
nmole/min.Tixr protein Ratio
Substrate3 TON*3 n Bragg PI 227687 PI/Bragg
Monooxvaenase 
ENA IT 8 0.41 + .04 0.89 ± .17 2.15*c
ST 6 0.78 ± .12 1.17 ± .23 1.49*
CytC IT 2 26 + 6 29 ± 5 1.12
ST 4 39 ± 6 40 ± 6 1.01
Glutathione S-Transferase 
CDNB IT 3 196 ± 41 296 ± 33 1.51**
ST 6 167 ± 5 190 ± 20 1.14
Carboxvesterase
ENPA IT 3 782 + 97 731 ± 49 0.93
ST 6 1610 ± 144 1443 ± 145 0.89**
ANA IT 9 1157 ± 89 1170 ± 85 1.01
ST 6 1278 + 231 1164 ± 243 0.91*
■Amidase
Acephate^ IT 6 382 + 26 452 ± 53 1.18
ST 1 582 791 1.36
a Substrate abbreviations are: - p-nitroanisole, CytC - NADFH
Cytochrome C, CDNB - l-chloro-2,4-dinitrobenzene, ENPA - p-nitrophenyl 
acetate,' and ANA - alpha-naphthyl acetate.
b TOH Time on Host; IT (Long Term, fed on host leaves from first 
instar) and ST (Short Term, fed on host leaves for last 48 hours) . 
c * P < 0.05, ** P < 0.01, paired t best analysis. 
d fmoles/min.mg protein
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Table 3. Metabolism of selected xenobiotics in soybean looper 
midguts as influenced by diet formulations amended with coumestrol.
nmole/min.ma protein Ratio
Substrate3 Dietb n Control Coumestrol Corny Con
Monooxvaenase
ENA S&H 4 1.26 ± .16 1.20 ± .09 0.95
LSU 6 0.91 ± .11 0.91 ± .12 1.00
cytc S&H 4 35 ± 3 35 ± 4 1.00
LSU 4 55 ± 6 52 ± 5 0.94
Glutathione S-'Transferase
CDNB S&H 4 732 ± 88 1026+ 123 1.40*c
LSU 8 414 ± 55 507 ± 53 1.22**
Carboxvesterase
ENPA S&H 4 742 ± 33 759 ± 38 1.02
LSU 6 731 ± 21 730 ± 26 1.00
ANA S&H 4 895 ±146 911 ±136 1.02
LSU 7 1131 ± 83 1053 ± 78 0.93
Amidase
Acephate^ S&H 2 817 ± 84 641 ± 5 0.78
LSU 7 1965 ± 143 1688 ±148 0.86
a Substrate abbreviations are: ENA p-nitroanisole, CytC - NADFH 
Cytochrome C, CDNB - l-chloro-2,4-dinitrobenzene, ENPA - p-nitrophenyl 
acetate, and ANA - alpha naphthyl acetate.
b Diets are S&H (50% Shorey & Hale, Rose et al. 1988), ISU (25% LSU 
Standard Diet).
° * P < 0.05, ** P < 0.01, paired t test analysis. 
b fmoles/min.mg protein
metabolism as influenced by feeding on control or coumestrol-amended 
diet were similar between diet formulations. Soybean looper larvae 
reared on coumestrol-amended diet of either diet formulation had 
greater glutathione S-transferase activity than those reared on the 
appropriate control diet (Table 3).
Discussion
Increases in the metabolic capacity of insects due to feeding on 
a variety of host plants have often been associated with decreased 
susceptibility to insecticides (Terriere 1984). In the present study, 
the monooxygenase and glutathione S-transferase activities were 
increased for soybean looper larvae fed on the PI 227687 cultivar 
relative to those fed on the Bragg cultivar. However, no decrease in 
permethrin, fenvalerate, methomyl, methyl parathion, or acephate 
toxicity was associated with feeding on the resistant cultivar (Rose 
et al. 1988). In fact, studies concerning the soybean looper and the 
effects of feeding on resistant versus susceptible cultivars have 
shown that insecticidal activity can be enhanced for insects fed on 
the resistant soybean cultivars (Kea et al. 1978, Rose et al. 1988). 
For example, acephate is a proinsecticide requiring conversion 
(activation) by an amidase to methamidophos for activity (Magee 1972, 
Rose & Sparks 1984). Both velvetbean caterpillar, Anticarsia 
qemmatalis (Hubner), and soybean loopers are more susceptible to 
acephate when fed on PI 227687 foliage than when fed on Bragg foliage 
(Rose et al. 1988). Not surprisingly, soybean looper larvae fed on 
the PI 227687 foliage possess higher titers (1.18-fold, P < 0.06) of
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acephate amidase activity (and hence the likely presence of the toxic 
methamidophos) than do larvae fed on Bragg foliage.
In contrast to the results observe! for acephate, increases in 
metabolism such as these observed for monooxygenase and glutathione S- 
transferase activity would generally be expected to reduce 
insecticide susceptibility. The potential development of soybean 
looper biotypes as a result of adaptation to the toxic factors found 
in insect-resistant soybeans might involve increases in metabolic 
capacity for enzymes which are also involved in insecticide 
detoxication. For example, a population of spider mites, Tetranvchus 
urticae (Koch), selected for resistance to a toxic host plant had 
greater resistance to several organophosphates than the control 
population from which it was derived (Gould et al. 1982). In a 
similar manner, the allelochemical 2-tridecanone, associated with 
resistance of wild tomato to the Colorado potato beetle, Leptinotarsa 
decemlineata (Say), and to the tobacco hornworm, Manduca sexta (L)., 
induces tolerance to carbaryl in the tobacco budworm, Heliothis 
virescens (F.) (Kennedy 1984). These studies suggest that adaptation 
by the insect to host-plant allelochemicals involved in resistance may 
adversely affect insecticide toxicity as a result of increased 
insecticide detoxication. However, because insecticide metabolism can 
also result in greater toxicity (such as is observed by acephate 
conversion to methamidophos [Magee 1982]) the opposite interaction 
could also be observed for selected insecticides.
In the present study, the cultivar fed upon has an obvious effect 
on the metabolic capability of the soybean looper larvae. In addition
to these cultivar effects, the length of time spent on the host-plant 
was also found to influence the metabolic capability in two specific 
ways. The first involves changes in the relative increase (ratio) in 
enzyme activity in larvae fed PI 227687 versus Bragg foliage for the 
long versus short term assays. In the long tern assays glutathione S- 
transferase activity was enhanced in soybean looper larvae fed on PI 
227687 versus Bragg. However, no such enhancement was observed in 
larvae from the short term assays. Likewise, p-nitroanisole O- 
demethylase activity was induced to a lesser degree in larvae fed PI 
227687 versus Bragg foliage for larvae from the long term assays than 
for larvae from the short term assays. Differences between feeding 
strategies such as these were also noted in the tobacco hornworm and 
may be indicative of the accumulation of toxic substances in the long 
term assays which stimulate metabolic enzymes (Shukle & Murdock 1983).
The second way in which the length of the assays influenced 
metabolic capability was in the overall lengths of enzyme activity. 
Soybean looper larvae in the short term assays had, regardless of 
cultivar, higher levels of p-nitroanisole O-demethylase activity, p- 
nitrophenyl acetate hydrolase activity and perhaps acephate amidase 
activity than larvae from the long term assays. Similar results for 
long versus short term feeding assays have also been observed in 
monooxygenase activity of fall armyworm, Spodoptera fruqiperda (J.E. 
Smith) larvae (Yu 1982a). The increases in enzyme activity associated 
with the short term feeding assays in the present study may be the 
result of switching from artificial diet to the probably less 
desirable host leaf, or alternatively, enzyme activity was already
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higher on the artificial diet than on the host leaf. Regardless, 
these results indicate that caution needs to be exercised when 
extrapolating from short term feeding experiments to results which 
might be expected in long duration assays.
Increases observed for both monooxygenase and glutathione S- 
transferase activity in larvae fed PI 227687 foliage in long term 
assays suggest the presence of toxic factors requiring detoxication in 
these larvae. Several examples of host plant induction of 
detoxication enzymes have been shown to have association with specific 
allelochemicals (Brattsten et al. 1977, Kennedy 1984, Yu et al. 1979,
Yu 1984, 1986). Many of the constituents of peppermint leaves induced 
monooxygenase activity in larvae of the variegated cutworm, Peridroma 
saucia (Hubner), to levels that were similar to those observed for 
whole peppermint leaves (Yu et al. 1979). In a more recent study, 
xanthotoxin, identified from extracts of parsnip leaves was 
demonstrated to possess similar levels of glutathione S-transferase 
activity as were observed in parsnip leaves (Yu 1984).
In the present study, coumestrol, one of three isoflavone 
allelochemicals isolated from methanol extracts of PI 227687 foliage 
and associated with PI 227687 resistance (Smith 1985, Caballero et al. 
1988), was shown to increase the activity of glutathione S-transferase 
to levels near those observed in resistant leaves. Although this is 
not direct evidence that coumestrol is the causative agent for the 
induction of the glutathione S-transferase enzyme in PI 227687 leaves, 
it does provide evidence that coumestrol may be contributing to PI 
227687 resistance to soybean loopers.
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Soybean looper larvae reared on an artificial diet containing 
coumestrol were more susceptible to fenvalerate, but less susceptible 
to methamyl than larvae reared on a control diet (Rose et al. 1988). 
Interestingly, soybean looper larvae fed coumestrol-amended diet also 
had reduced fenvalerate hydrolytic activity relative to larvae fed the 
control diet (Dowd et al. 1986). The decreased toxicity of methamyl 
to coumestrol fed larvae was hypothesized to be due to an increase in 
monooxygenase activity (Rose et al. 1988) since other studies have 
implicated these enzymes in methamyl metabolism (Kuhr 1973, Ruhr & 
Hessney 1977). Neither of the two assays for monooxygenase activity 
used in this study indicated an increase in monoxygenase levels as a 
result of coumestrol addition to the diet. However, one cannot assume 
that monooxygenases are not involved in the decreased toxicity of 
methamyl as a result of coumestrol incorporation into the diet since 
several isozymes of monooxygenases are known to exist in insects (Yu & 
Terriere 1979, Wilkinson 1983, Hodgson 1985). Indeed, xanthotoxin, a 
monooxygenase and glutathione S-transferase inducer from parsnip was 
recently demonstrated to both induce and inhibit various monooxygenase 
substrates simultaneously (Yu 1984). In addition, the potential 
involvement of glutathione S-transferase in methamyl metabolism cannot 
be excluded, since this metabolic route for methamyl has not been 
closely examined.
Results of the present study indicate that soybean looper larvae 
reared on PI 227687 leaves throughout development have increased 
levels of midgut monooxygenase and glutathione S-transferase activity. 
Although coumestrol is not toxic to soybean loopers, previous studies
have implicated the involvement of coumestrol as a partial resistance 
mechanism for PI 227687 soybeans (Reynolds et al. 1984, Reynolds & 
Smith 1985, Smith 1985, Caballero et al. 1986, 1988, Rose et al.
1988). The present study demonstrates that incorporation of 
coumestrol into artificial diet at levels approximating those of 
resistant leaves can result in similar increases (relative to larvae 
fed control diet) in glutathione S-transferase activity as were 
observed for soybean loopers fed PI 227687 versus Bragg leaves. The 
specific interaction of this observed increase in activity with 
insecticide toxicity awaits further study as does the role of other 
allelochemicals identified in PI 227687 leaves.
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Chapter III.
Enhanced Metabolic Detoxication and Knockdown Resistance 
In a Field Versus a laboratory Strain of the Soybean Looper
(Lepidoptera: Noctuidae)
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ABsmacr
Soybean looper larvae, Pseudoplusia includens (Walker), collected 
from a field where permethrin efficacy was less than previously 
observed and for which a slightly reduced susceptibility for 
permethrin had been demonstrated (ca. 3-fold) were compared to an 
established laboratory colony with respect to knockdown resistance 
(kdr) and in vitro metabolic capacity for a variety of substrates.
The time necessary to achieve 50% knockdown of the field population 
(22.9 ± 1.3 minutes) following topical application of 1 ptg permethrin 
was significantly greater than that required for the ISU laboratory 
colony (18.4 + 1.0 minutes). Rates of xenobiotic metabolism for first 
generation larvae from the field population were significantly greater 
than for larvae from the laboratory culture for substrates of 
glutathione S-transferase (1-chloro 2,4-dinitrobenzene, 2.7-fold), 
monooxygenases (p-nitroanisole O-demethylase, 1 .8-fold), and 
hydrolases (alpha naphthyl acetate (1.5-fold), p-nitrophenyl acetate 
(1.5-fold), and permethrin (1.5-fold)). Significant differences 
between populations were not observe! for NADFH cytochrome c reductase 
nor acephate hydrolysis. Results of the study indicate that a 
combination of target site insensitivity and increased activity of 
several enzymes involved in insecticide metabolism including a trans- 
permethrin hydrolase contribute to reduced susceptibility of the field 
population relative to the laboratory colony.
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THE SOYBEAN LOOPER, Pseudoplusia includens (Walker), is a major pest 
of soybeans throughout southern United States and in Mexico. Due to 
its migratory habit, pest populations are often sporadic and 
frequently require insecticide control. Despite the absence of 
baseline toxicity data, the soybean looper has long been recognized as 
possessing resistance, at one tine or another, to DDT, cyclodienes, 
organophosphates, and carbamates (Newsom et al. 1980, Chiu & Bass 
1978, Georghiou & Mellon 1983).
Among the insecticides currently recommended for soybean looper 
control are permethrin, methamyl and acephate. Baseline toxicity data 
for these insecticides on both laboratory and field populations are 
limited to just a few studies (Table 1). Of these three insecticides, 
permethrin is by far the most toxic to both laboratory and field 
populations of soybean loopers (Ottens et al. 1984) and has received 
widespread use in field applications. However, recent reports of 
reduced permethrin efficacy in the field (Leonard et al. 1988b) raise 
questions concerning the potential of resistance development and 
possible mechanisms that might be involved. The present study 
explores the differences in several enzyme systems frequently 
associated with insecticide resistance in a susceptible laboratory 
population and a population collected from a soybean field in which 
reduced efficacy of permethrin was observed. Because increased 
tolerance to pyrethroids is often not the result of increased 
metabolism (Sawicki 1985), the possibility of knockdown resistance 
(kdr) is also explored.
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Table 1. Toxicity of selected insecticides to laboratory and field 
strains of the soybean looper.
Insecticide 1^ 50 (Mg/g) Ratio Reference
Lab Field Field/Lab
Permethrin
Methcanyl
Acephate
0.36
0.14-0.23
0.156
0.20
1.81-2.24
2.45
7.58-8.36
1.28
2.56
0.27
0.60
39.5
49.07
7.28
29.4
20.34-23.82 73.95
58.4
19.27-138.3 
57.40 109.2
1.93-1.17
3.0
6.47-5.86
2.8
3.64-3.10
1.9
Palazzo 1978 
Ottens et al. 1984 
Rose et al. 1988 
Leonard et al. 1988b
Chiu & Bass 1978 
Rea et al. 1978 
Palazzo 1978 
Ottens et al. 1984 
Rose et al. 1988 
Leonard et al. 1988b
Chiu & Bass 1978 
Ottens et al. 1984 
Martin & Brown 1984 
Rose et al. 1988 
Leonard et al. 1988b
Materials and Methods
Chemicals. Radiolabeled trans-permethrin (14C on the methylene 
carbon of the 3-phenoxybenzy 1 alcohol, sp. act. 57 mCi/mmole) and 
acephate (14C on the S-methyl group, sp. act. 4.77 mCi/mmole) were 
provided by FMC Corporation (Middleton, NY) and Chevron Chemical 
Company (Richmond, CA), respectively. A technical grade of permethrin 
(40:60 cis:trans; EMC Corp., Middleport, NY) was used for 
determinations of kdr. The Bio-Rad protein reagent was purchased from 
Bio-Rad Laboratories (Richmond, CA), p-nitroanisole was from Aldrich 
(Milwaukee, WI), and all other biochemicals were from Sigma (St.
Louis, MO).
Insects. The ISU laboratory population of soybean loopers was 
obtained from a field population collected from soybeans in 1982 at 
St. Gabriel, Louisiana. This colony is supplemented from field 
collected individuals from the same site on a semiannual basis. The 
field population (Paradise) was collected from a soybean field on the 
Paradise plantation near St. Joseph, Louisiana, in which permethrin 
efficacy was reduced. Larvae of both populations were reared on a 
pinto bean diet (Burton 1969), at 27 ± 2°C., 65% + 10% EH, and a 
photqperiod of 14:10 (L: D). Adults were reared on a 10% sucrose 
solution in 3.8 liter cardboard cartons. Eggs were deposited on 
sheets of cotton gauze and collected three times weekly.
Determination of Knockdown Resistance. A hot-probe bioassay 
developed by Bloomquist and Miller (1985) was used to indicate 
differences between soybean looper strains as described by Sparks et 
al. (1988). Thirty five feeding stage fourth instar larvae, selected
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by weight (25-35 mg), were treated individually in 30 ml diet cups 
containing a portion of diet. Larvae were treated with permethrin (l 
/xg/larva) and probed at 5 min intervals with a fine pointed soldering 
iron, regulated by a rheostat, for up to 45 minutes posttreatment.
Larvae which failed to curl in response to the warm tip were 
considered knocked-down (Bloomquist & Miller 1985). Population 
differences between the time required for 50% knock-down response was 
analyzed by means of a paired t test.
Enzyme Assays. Larvae molting to the last instar were selected 
on a daily basis to provide two-day-old last instar larvae for enzyme 
preparations. Midguts were dissected in ice-cold phosphate buffer 
(1=0.1, 7.4), split longitudinally and contents removed prior to
homogenization (6 midguts/ml) in the buffer. The homogenate was 
centrifuged for 5 min at lOOOg followed by a centrifugation at 12,000g 
for 10 min. The resulting supernatant was used as the enzyme source 
for all assays.
A modification of the procedure described by Kinoshita et al.
(1966) was used for determinations of O-demethylation of p- 
nitroanisole. The 2 ml incubation mixture consisted of 0.1 M 
phosphate buffer (pH 7.8, 1=0.1), 2 /moles p-nitroanisole, 1.5-3 mg 
protein, and 0.1 ml of an NADPH generating system consisting of 0.33 
ml 0.45 M Mg Cl2, 0.33 ml 0.15 M glucose 6 phosphate, 0.25 units 
glucose 6 phosphate dehydrogenase, and 0.01 M NADP in a total volume 
of 1 ml (Hansen & Hodgson 1971). Incubations were initiated by the 
addition of p-nitroanisole and were of 15 min duration at 25 °C. 
Termination was by the addition of 2.5 ml cold acetone. After
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addition of 0.2 ml 0.5M glycine NaOH buffer (pH 9.5), samples were 
centrifuged at lOOOg for 5 min. Absorbance was monitored at 400 ran.
NADPH cytochrome c reductase activity was slightly modified from 
the procedure by Dallner (1963). Briefly, 0.5 ml 0.66 mM KCN was 
added to selected dilutions of tissue brought to 0.5 ml and incubated 
for 2 min at room temperature. Following the addition of a 1 ml 
aliquot of 0.1 mM cytochrome c containing the NADEH generating system 
(1 ml of NADEH generating system was brought to 10 ml in 0.1 mM 
cytochrome c), the change in optical density was monitored at 35 °C 
over a 10 minute period at 550 ran. Reductase activity was calculated 
from the change in absorbance using the extinction coefficient of 2 1 . 1  
mM (Massey 1959).
Glutathione S-transferase activity was monitored using 1-chloro 
2,4-dinitrobenzene (CDNB) as substrate (Habig et al. 1974). The 3 ml 
incubation volume consisted of 0.66 mM CO®, 2 mM GSH, and ca. 0.01 mg 
protein. The reaction was monitored at 340 nm at 35°C for ca. 7 min 
and activity calculated from the change in absorbance using the 
millimolar extinction coefficient of 10 (Askelof et al. 1975).
General esterase activity was determined spectrophotometrically 
after a 20 min incubation at 35 °C using alpha-naphthyl acetate (1 mM 
in 1.1 ml, ca. 0.01 mg protein) (Sparks et al. 1979) or p-nitrophenyl 
acetate (0.5 mM in 2.6 ml, ca. 0.05 mg protein) as substrates (Hammock 
et al. 1977). Determinations of amidase activity were performed 
following incubations of 14C acephate at 35“C for 1 hour. Conversion 
of acephate to methamidophos was quantitated by thin layer 
chrcmatograjhy as described previously (Dowd et al. 1986).
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Hydrolysis of trans-permethrin was determined following a 20 min 
incubation at 35 °C by solvent partitioning the radiolabel using 
methanol and dodecane (Dowd & Sparks 1984). In order to verify that 
this procedure was monitoring only permethrin hydrolysis and not 
oxidative metabolism, preliminary work using thin layer chromatography 
established that metabolites other than the 3-phenoxybenzyl alcohol 
were not present in either population and that metabolism was not 
enhanced by the addition of NADEH (R.L.R., unpublished data). A 
previous study also demonstrated that piperonyl butoxide inhibition of 
permethrin hydrolysis was slight in the ISU-lab strain (Dowd & Sparks
1986).
Protein content was determined by the method of Bradford (1976), 
as modified by the Bio-Rad packaged assay using bovine serum albumin 
as standard. Each of the enzyme assays was performed in duplicate 
using hcmogenates which were appropriately diluted so that metabolic 
rates were linear during the course of the assays. Differences 
between populations were determined using paired t test analysis.
Results
Ihe time required to achieve 50% knock-down of the Paradise 
larvae (22.9 ± 1.3 minutes) following topical application of 1 /xg 
permethrin was significantly greater than that for the ISU-lab cxxLony 
(18.4 + 1.0 minutes) (paired t = 8.28, df = 34, P < 0.01). These 
results suggest the presence of a lew level of kdr in the Paradise 
field population as compared to the ISU-lab cx>lony.
Rates of conjugation of the glutathione S-transferase substrate
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l-chloro-2 ,4-dinitrobenzene, and rates of hydrolysis of the esterase 
substrates alpha-naphthvl acetate and p-nitrophenyl acetate, were 
significantly greater in the Paradise population when compared to the 
ISU-lab colony (Table 2). Likewise, ester hydrolysis of trans- 
permethrin and O-demethylation of the monooxygenase substrate, p- 
nitroanisole, also were significantly greater in the Paradise 
population. No significant differences were observed for amide 
hydrolysis of acephate or for NADEH cytochrome c reductase activity.
Discussion
The present investigation was prompted by a reduction in field 
efficacy of permethrin in the St. Joseph, Louisiana area which was 
associated with a slight decline in permethrin and methamyl toxicity 
as demonstrated by topical bioassays (Table 1, Leonard et al. 1988b). 
Tolerance of the Paradise population to permethrin and methamyl was 
indicated by modest, though statistically significant, increases in 
LD5 0S (3.0- and 2.8-fold for permethrin and methamyl, respectively), 
relative to the ISU-lab colony. These differences in insecticide 
tolerance easily fall within the range of natural variation which can 
occur between populations (Ottens et al. 1984, Leonard et al. 1988a). 
However, the observed differences were also accompanied by a reduction 
in slope of the log dose-probit lines which was reflected by 
significant increases in ID9 0 levels (5.5- and 5.1-fold for permethrin 
and methamyl, respectively, Leonard et al. 1988a). This, combined 
with a reduction in efficacy of both insecticides in field 
applications, suggests that the Paradise population has an increased
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Table 2. Metabolism of selected xenbbiotics in soybean looper midguts 
from the ISU-lab and Paradise populations.
Substrate3  n
nmole/min.mcf protein Ratio
ISU-lab Paradise Par/ISU
Mbnooxvcrenase
ENA 4 1.44 + .18 2.62 ± . 1 2 1.83**3
cytc 4 188 ± 7 201 ± 9 1.07
Glutathione S-Transferase
CCNB 5 187 ± 6 504 ± 19 2.70**
Carboxvesterase
ENPA 5 1911 ± 58 2912 ± 61 1.52**
ANA 5 2312 ± 58 3558 ± 85 1.54**
Permethrin 5 0.54 ± .23 0.83 ± 0.01 1.53*
Amidase
Acephate0  5 622 ± 40 560 ± 50 0.90
a Substrate abbreviations are: PNA - p-nitroanisole, CytC - NADEt
Cytochrome C, CDNB - l-chloro-2,4-dinitrobenzene, HJPA - p-nitrophenyl 
acetate, and ANA - alpha naphthyl acetate. 
b * E < 0.05, ** p < 0.01, paired t test analysis. 
c fmoles/min.mg protein
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capability of surviving insecticide applications.
Although the soybean looper has attained resistance status to 
several insecticides, mechanisms for resistance have never been 
examined. Among the several mechanisms of insecticide resistance 
which exist, one of the more encompassing for all pesticide groups 
involves metabolic detoxication (Oppenoorth & Welling 1976).
Metabolic processes implicated in the insecticide resistance of 
insects include hydrolases (phosphatases and carboxylesterases), 
glutathione S-transf erases, monooxygenases, and DOT-dehydrochlorinases 
(Oppenoorth & Welling 1976).
In the present study, significant increases in the metabolic 
capability of the Paradise field population relative to the ISU-lab 
colony were observed for several of the enzyme systems examined (Table 
2). The greatest metabolic difference between strains was observed 
for glutathione S-transferase (Paradise/ISU-lab = 2.7) as monitored by 
conjugation of l-chloro-2,4-dinitrobenzene. Significant increases in 
enzyme activity were also observed in the Paradise population for 
monooxygenases (1.8-fold), general esterases (1.5-fold), as well as 
for the hydrolysis of trans-permethrin (1.5-fold). Based on the 
diversity of enzyme systems that are elevated in the Paradise strain 
one might anticipate reduced susceptibility to a wide variety of 
insecticides in this population. Indeed, the presence of reduced 
susceptibility to both permethrin and methamyl lends support to this 
concept.
For insects which have developed pyrethroid resistance, active 
site insensitivity, or kdr appears to be one of the more important
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mechanisms (Sawicki 1985). Recent evaluations of trans-permethrin 
resistance mechanisms in the tobacco budworm, Heliothis virescens (F) 
have demonstrated the presence of kdr as a resistance mechanism 
(Nicholson & Miller 1985, Sparks et al. 1988). The importance of 
rapid detection of kdr resistance development cannot be overly 
stressed since, once developed, kdr my potentially render control by 
all pyrethroids ineffectual (Nicholson & Miller 1985).
In addition to kdr resistance, increased metabolism of 
pyrethroids, both by hydrolytic (Soderlund et al. 1983, Dowd & Sparks
1987) and by oxidative (Soderlund et al. 1987) pathways have also been 
documented. Previous studies have attempted to correlate pyrethroid 
resistance with increased general ester hydrolysis (Riddles et al.
1983, Riskallah 1983, Sawicki et al. 1984). In the present study, 
hydrolysis ratios for both esterase substrates were similar to that 
observed for trans-permethrin, however, previous studies of permethrin 
metabolism in the soybean looper have demonstrated that the permethrin 
esterase is a distinctly different enzyme (Dowd & Sparks 1984, 1986).
Hie potential involvement of monooxygenase enzymes in permethrin 
metabolism was not specifically examined in the present study.
However, in field trials co-application of piperonyl butoxide (10:1 
piperonyl butoxide:permethrin), a monooxygenase inhibitor, resulted in 
increased permethrin efficacy. The significant increase in 0- 
demethylation of p-nitroanisole in larvae of the Paradise population 
also demonstrates possible involvement of oxidative metabolism. This 
potential mechanism of resistance warrants further examination.
The moderately tolerant Paradise field population possesses
several potential routes of metabolism which are enhanced above the 
ISU-lab strain. Certainly, the wide variety of enhanced metabolic 
routes found in the Paradise population may be the result of inter­
strain variation, however, it also may be the result of exposure to 
the several insecticides used for control of the diverse pest complex 
associated with both cotton and soybeans over the last two decades. 
Regardless, results of the present study indicate that increased 
tolerance of the Paradise field population may be due to both trans- 
permethrin hydrolysis as well as active site insensitivity. Further 
monitoring of field populations with respect to these potential 
resistance mechanisms may be helpful in circumventing resistance 
development to all pyrethroids.
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